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ABSTRACT 
Input shunt FET automatic gain cbntrol has been widely 
used in PIN. rece"i vers to ~xtend optical receiver dynamic 
range. By diverting excess photocurrent away from the 
receiver input at light levels high enough to cause saturation 
of the receiver amplifier, this technique can be used to li~it 
the receiver output just below its maximum level so that the 
system bit error rate .is not degraded at high optical power. 
This thesis investigates the effects of this technique on 
receiver sensitivity and bandwidth when various types of FETs 
are used as the input current shunt. Experimental and 
theoretical results of using this technique with a 622 Mb/sec 
APO receiver are also presented. Both analyses in this study. 
concluded that a GaAs MESFET, because of its combination of 
low device capacitance and low . . ·minimum. drain-to--source 
resistance, produces the greatest improvement in dynamic range 
and t_he least penalty in overall receiver performance. 
1 
1. INTRODUCTION 
1.1 Background 
A key element of any optical fiber telecommunications 
system is the optical receiver. As shown in figure 1, the 
basic receiver consists of a photodetector, preamplifier, and 
necessary signal processing circuitry, and its job is to 
function as an optical to electrical converter. 
Optical 
~--4 Equalizer 
Input 
Photodetector Preamplifier 
,,.,,, 
Receiver Front End 
Post 
-
-- Amplifier Filter 
--0 
Electrical 
Output 
Figure l - Block diagram of optical receiver 
The photodiode detects the incoming optical signal and 
cbnverts it to an electrical one, and the amplifier boosts 
this signal to a usable level while introducing a minimum 
amount of noise and distortion to the system. The receiver, 
2 
then, with the additional support circuitry, is respon~ible 
for faithftilly reproducing at its output an amplified 
electrical equivalent of the optical signal detected at its 
input. 
The I primary criterion for determining how well the 
receiver actually· performs this. task I is the receiver 
sensitivity. This parameter is a measure of the 
I I 
minimum 
optical power level needed at the receiver input to achieve 
a desired bit error rate. The sensitivity is greatly 
influ~nced by the circuit noise present at the preamplifier 
input; thus, in practice, it becomes desirable to reduce all 
contributions to the total circuit noise to as small a level 
as possible in order to achieve an adceptable bit error rate 
at very low signaJ levels. 
In most 
sensi ti vi ty is 
applications, however, while the 
. 
receiver 
a critical parameter, it is not the sole 
measure of the receiver's performance. In- practical designs, 
it is necessary that the receiver be able to detect not only 
very small power levels, but also signal levels which _may be 
significantly larger than the mini~um. The receiver dynamic 
range is a measure of the difference ·between this minimum 
detectable power level and the maximum power level allowed at 
the receiver input befbre the praam~lifier begins to saturate 
and the error rate starts to increase. In present amplifier 
designs, it is generally true that-achieving high sensitivity 
results in a decrease in the range of power levels over which 
3 
the receiver can provide high quality signal reception. Thus, 
a primary goal in the design of an optical receiver is to find 
a method of achieving high sensitivity without compromising 
the dynamic range. 
1.2 The Problem - rationale, significance, need for study 
With the development of higher powered laser transmitters 
and the expansion of fiber optic technology into terrestrial 
and undersea applications, optical data links, and local area 
networks_, there is a greater demand for high performance 
optical receivers ih lightwave subsystems. In undersea 
systems, for instance, where repeaters must be placed. in deep 
sea water, geographical and financial l~mitations often make 
it desirable to be able to maximize repeater spacings and path 
lengths in orde~ to minimize the tot~l number of repeaters 
needed within a system. As a result, very· weak signals are 
being transmitted over long distances, l~aving greate~ 
opportunity for signal corruption f ram the 
. 
noise in the 
system. In these cases, having a highly sensitive receiver can 
be critical to the system performance because the receiver 
must be able to accurately detect very low s~grial levels in 
order to be of any practical use. Of course, it would ~lso be 
advantageous for the receiver to ~e capable of detecting very 
high power levels as well, but tor this type of application, 
the wide dynamic range ·feature is not critical. 
In contrast, other telecommunications applications do 
4 
I 
require that the receiver hav~ the capability of handling a 
wide variety of input signal levels, and power levels as high 
as 1 mW or more are not uncommon. In local area networks, for 
example, a trans~itter may be located at different distances 
from its receiving sources, and the transmitted signal may 
travel through a different number of optical or electrical 
devices before reaching its final destination. As a result, 
signals at the photodetector input may vary from as little as 
a few microwatts to as much as several milliwatts. Clearly, 
then, having flexibility in the range of allowed input power 
levels is crucial to the performance of this type of system. 
Presently, optical receivers used in these applications 
achieve high sensitivity only by allowing integration of the 
input photocurrent signal. This 
I 
requires subsequent 
equaliza~ion at the receiver output, which leads to a noise 
penalty for the . receiver, and ultimately, a decrease 
I 
1n 
dynamic range. Most commercial systems avoid these problems by 
using a transimpedance amplifier for the receiver front end. 
This configuration provides advantages over the popular high 
impedance preamplifier design in terms of reduced circuit 
complexity, wider dynamic range, higher bandwidth, and lower 
equalization ratio. Yet, the sensitivity, while nearly as good 
as that of the high impedance design is still limited by the 
low value of feedback resistance needed to prevent or reduce 
signal integration and provide increased dynamic range. The 
trans impedance amplifier provides much better results in terms 
5 
of the combination of sensitivity and dynamic range than any 
of its counterparts, but the design of the amplifier still 
places significant limitations on its performance 
capabilities. It is ·evident, then, that a means ot provi1ing 
further dynamic range extension while incurring a negligible 
sensitivity penalty is still needed. 
1.3 Historical Perspective 
A popular approach to overcoming this problem of limited 
dyn~mic range is to use a variable impedance shunt device to 
divert excess photocurr·ent away from the receiver input at 
light levels high enough to cause saturatibn of the receiver 
front end. At low optical power, the shunt is essentially 
turned nff and does not conduct a_ny photocurrent. As the 
optical power is increased, the impedance of the shunt is 
decre~sed to limit the output voltage of the preamplifier to 
an acceptable level. Th~ success of this method has been 
demonstrated many times in PIN FET receiver designs 9pe~ating 
at low bit rates. One well known implementationL
1 J, [ 2 ] uses a 
GaAs MESFET as the variable impedance shunt and employs active 
feedback techniques to eliminate the problem of signal 
integration usually seen in present transimpedance amplifier 
designs. Because the signal is· not integrated, there 
. 
is no 
need for equalization at the receiver output, an
d 
sensiti~ities equal to or better than those of conventional 
integrating front end designs were achieved. At a bit rate of 
6 
45 Mb/sec, a. sensitivity of -50.2 dBm and an optical 
dynamic 
t·ange of 52 dB were reported[ 1 J. Simi.lar results have been 
realized .. using a photodiode as the shunt device 
. in an 
optically coupled_ feedback design at :J... 5 Mb/secPr 
and by 
forward biasing the gate-source Schottky diode of th
e front 
end GaAs FET itself at 12. 6 Mb/sec[_4 1. 
1.4 Scope of Thesis 
This thesis will examine the issues associated w
ith 
receiver dynamic range extension when a field 
effect 
transistor is used as the input current shunt. This 
approach 
initially seems intuitively simple, but upon c
loser 
examination, it becomes apparent that there are 
several 
important factors that must be considered in o
rder to 
imple·ment this technique with minimal degradation to r
eceiver 
performance. These is~ues include the follo~ing: 
A. the effects of the FET noise sources and 
added FET capacitance on receiver 
sensitivity, 
B. the effect of the FET variable impedance 
on receiver bandwidth, 
C. the ability of the FET to achieve- a wide 
range of resistance values, and 
D .. the ability to bias and control the FET 
so that it is turned off at low light 
levels and does not introduce too much 
noise to the system. 
Much information has been published describing the re
sults of 
using this technique in actual receivers, but no info
rmation 
has been provided to explain how the aforementioned 
factors 
7 
influence the selection of the FET to be used· or on how 
implementation of this technique directly impacts upon 
receiver performance. It will be the purpose of this thesis 
. to examine these issues in an ef fart to understand the 
tradeoffs between dynamic range and receiver performance that 
are inherent to this approach. Specifically, the objectives 
of this study will be to understand the effects of input shunt 
FET gain control on optical receiver performance, to define a 
methodology for s~lecting the proper device frir optimum 
results, and to assess the value of using this technique in an 
actual receiver. Realization of these goals will require 
derivation of the equation$ relating FET device parameters to 
receiver sensitivity and bandwidth, comparison of these 
results for MESFET, JFET, and MOSFET devices, and 
characterization of an actual 622 Mb/sec APO receiver with and 
without the shunt FET. 
2. THEORETICAL ANALYSIS 
2.1 Receiver Sensitivity 
As mentioned in section 1.1, the receiver sensitivity 
gives the minimum optical power level required at the 
pr;-eamplifier input to obtain a particular bit error rate 
(BER), usually 1 x 10-9 • This power level is primarily a 
function of the total equivalent input circuit noise and is 
given by:L 5 l, [ 61 
8 
where, 
Y)P = he Q [ ( ..;r=::!.) + QF(M) qBI ] 
q'A M i 
nP average detected optical power, 
hc/'A photon energy, 
q electron charge, 
~-Q - required SNR for given BER, 
itot 2 = total equivalent input noise current, 
M average photodetector gain, 
F(M) = APD excess noise factor, 
B = operating bit rate, and 
I 1 = Per~onick integral. 
(1) 
The total circuit . noise, • 2 itot , . is actually the· sum of the 
noise contributions from various portions of ths circuit. It 
consists primarily of thermal noise. from the feedback or load 
resistor, shot . noise f ram the photodetector, and thermal, 
shot, and 1/f noise from the FET or bipolar front end 
amplifier. Characterization of these noise sources is well 
documented in the literature151 ' ( 61 and, ·therefore, is presented 
only briefly below. The new material, which takes into 
account th~ shunt FET's contribution to the total circuit 
noise, is presented in greater detail in the sections that 
follow. 
2.1.1 ·FET Receiver Amplifier Noise 
Figure 2 is a schematic representation of a typical 
transimpedance front end amplifier when a field-effect 
transistor is used at the input. 
9 
Optical 
Input Vbias 
~ 
· l; .... y_i.._.n 
I photo 
R 
>--.--""' V out 
Amplifier 
-
-
Figure 2 - FET front end amplifier 
. Application of the theory of Smith and Personickl 5 J, [GJ 
the total equivalent input circuit noise as: 
gives 
where, 
4KTI B 
R 2 + 2qiduI2 B + 2qic1mM
2 F(M) I 2B 
f 
+ ( 4 KTr ) ( 2 1t c T) 2 I 3 B 3 + 2 qI LI 2 B gm 
+ ( 4 KTr ) ( 21t c r) 2 t CI tB 2 
gm 
K = Boltzmann constant, 
T = absolute temperature, 
Rf= feedback resistor, 
Idu = unmultiplied photodetector dark current, 
·Idm = multiplied photodetector dark current, 
r = FET channel noise factor, 
gm= FET transconductance, 
CT= total input capacitance 
- detector & stray capacitance+ parasitic 
capacitance of~+ FET gate-to-source and 
gate-to-drain capacitances, 
IL= FET gate leakage current, 
(2) 
fc = FET noise corner frequency, and 
I 1 , I 2 , If= weighting functions dependent on the relative 
input and output pulse shapes. 
10 
The first term of this equation is the noise of the feedback 
resistor, ~. The second and third terms are the 
photodetec~ noise sources, and the remaining terms describe 
the noi~e characteristics of the FET amplifier. From equation 
2, it is ob~ious that in· order to achieve high sensitivity it 
is desirable to have low feedback resistance, low detector and 
FET gate leakage currents, high transconductance, and low 
total capacitance. Similar results are achieved when a 
bipolar junction transistor is used as the ·amplifying device. 
2.1.2 B.i-polar Receiver Amplifier Noise 
Figure 3 depicts the receiver front end when a bipolar 
transistor is used as the input amplifier. 
Optical 
Input Vbias 
~ R 
. L;: 
I photo 
Amplifier 
-
-
Figure 3 - Bipolar front end amplifier 
In this case, the total circuit noise at the input is given 
11 
by : [ 5] , ['6 ] 
• 2 
1. t.o t 
(3) 
Here, the base and collector.bias currents are given by lb and 
le, respectively. The transistor t~ansconductance is denoted 
by gm, and r~, is the transistor base spreading resistance. 
Cdsf is the sum of the detector and stray capacitances and the 
parasitic capacitance of the feedback resistor, Rf. The total 
capacitance, CT, is , then,· the sum of Cdsf and the transistor 
hybrid-~ model capacitances, c~ and cµ. This equation differs 
ftom equation 2 only in that the last three terms are now 
modified to properly describe the noise parameters associated 
with the bipolar junction transistor. The fourth and fifth 
terms now represent shot noise from the base and collector 
bias currents, and the last term is the thermal noise current 
of the base spr~ading resistance, r bb' • With this foundation, 
we can now begin to relate the shunt FET's noise sources to 
the equations given above to determine how the addition of the 
shunt FET influences the receiver sensitivity. 
2.2 Effects of Shunt FET on Receiver Sensitivity 
When a field-effect transistor is used at the input of 
the receiver to extend its dynamic range, the 
I previous 
12 
equations must be modified to include the effects of· the shunt 
FET's noise sources. As shown in figure 4, the FET can be 
modelled, ge·nerally, as a noise-free two port device with 
input and output nois-e current sources as indicated. 
G D 
Noise 
Free - -
.2 .2 .2 .2 FET 1GT 1GS 1DS 1DF 
s s 
Figure 4 - FET noise representation 
At the input of the FET, there -are two gate-to-source noise 
t ' 2 d ' 2 curren sources, 1GT an lGs • The first of these is a thermal 
noise source due to induced gate noise in the channel, and the 
second is a shot noise source originating from the FET's gate-
to-source leakage current. In addition to these . noise 
sources, there are three drain output noise mechanisms, im 2 , 
• 2 
los , 
• 2 
lDT • 
and • 2 1 DF • 
The term 
The channel thermal noise is repre~ented by 
is the shot noise of the drain-to-source 
leakage current, and i 0 F 2 is the FET flicker noise source. 
Figure 5 shows the ·schematic and noise representations of 
the receiver when the shunt FET is used at its input. 
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• 
lphotol_; 
ishunt + 
Vgate 
Vsource 
G D 
s 
Noise t t 
Free 
FET 
s 
-2 
uamp 
----
Noise 
Free 
Amp-
lifier 
Figure 5 - Transimpedance amplifier with shunt FET 
Using the FET admittance parameters to transfer all of the 
noise sources to the drain-source port of the network gives 
additional noise sources at the receiver input as depicted in 
Figure 6. 
Noise 
Free 
FET .2 I 
-u2 
.2 
IDS 
. 2 . 2 
I OT I OF 
-
U~mp ___ _,.. 
Noise 
Free 
Amp-
I if ier 
Figure 6 - Noise representation of receiver with shunt FET 
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Here, 
and 
u2 = ( I i GS 2 I + I i GT 2 I ) 
I Y12 l2 
(4) 
(5) 
The other noise currents represent the contributions from the 
amplifier, feedback resistor, and photodetector as given in 
·equations 2 and 3. Applying the theory of Smith and 
Personick[ 61 ~ the spectral intensities of the shunt and series 
noise s.ources of the FET can be added to the other 
current sources to give a total circuit noise of: 
'2~ '2 ' 2 ' 2 
1. tot - 1.Rt + 1.photodetector + ].amplifier 
. I 
noise 
d(i2 + iDS2 + iDF2 + iDT2) 
+ df I 2 B (shunt) (6) 
d ( u 2 ) 
+ df (2nCT) 2I 3B 3 (series) 
As is evident from equations 1 and 6, the addition of these 
noise sources and the added parasitic capacitance of the shunt 
FET will inevitably lead to a receiver sensitivity penalty. 
The next sections provide a quantitative analysis of these 
effects for various FET types by c~aracterizing their noise 
sources when the FET is operated as a voltage controlled 
variable resistor. 
15. 
2.2.1 JFET Noise Sources 
A. Thermal Noise 
The dominant noise source in the junction field-effect 
transistor stems from thermal fluctuations of current carriers 
in the conducting channel. These fluctuations give rise to 
thermal noise in the drain current, and the spectral density 
of this noise source is described by: [7 J 
- 4KTgK1 (7) 
K1 is a constant that is a complex function of the FET bias 
voltages, and g is the conductance of the channel. For this 
application, we are interested in the value of this equation 
in the reg~on below pinchoff of the channel where the FET 
behaves as a variable resistor. In this region, the FET 
drain-to-source voltage, VM, is~ O, and K1 will have a value 
of ~ 1. As a result, the noise power spectrum given . in 
equation 7 now becomes equal to just 4KTg. 
~thigh frequencies, it has been shown that there is a 
second thermal noise source present in the JFET at its gate-
to-source junction. This noise current is also attributed to 
thermal noise in the channel and is thought to be caused by 
capacitive coupling between the channel and the gate through 
the FET gate-to-source capacitance. rsJ This noise source is 
characterized as: 
16 
2 2 . 
= 4 KTCJ> .C gs K2 (8) 
g 
is the FET gate-to-source capacitance, 
. 
lS a bias 
dependent constant, and M = 2wf, where f is the operating 
frequency. For the usual range of bias con~itions, K2 will 
have a value ranging from 0.20 to 0.27; for convenience, it 
can be assumed to have a value of o. 25 for all biasing 
conditions. L9 J 
B. Shot Noise 
In addition to the therm·a1 noise sources, there are also 
two shot noise sources arising .from the JFET's drain and gate 
leakage currents. These noise currents stem from the thermal 
generation of current carriers within the gate-to-channel 
depletion region of the JFET and are given by: [ioJ 
f9) 
and 
(10) 
At room temperature, the dra~n leakage current noise source is 
17 
negligible, partictilarly in comparison to the drain thermal 
noise source. which will dominate at all frequencies. The same 
is not true, however, for the shot noise source at the gate. 
Since the gate leakage current noise source is independent of 
frequency, a·nd the gate thermal noise varies as w2 · , there is 
a range of fr~quencies in which the shot noise source will 
dominate in the gate, and the gate thermal noise contribution 
will be insignificant. 
c. Flicker Noise 
Finally, the JFET also exhibits flicker, or 1/f, noise 
. that arises from depletion later generation-recombination 
processes in the channel. [9 J, [ioJ The spectral density of this 
noise source in the FET's non-saturated region is .given by:[ 11 J 
where, 
In good, 
'r 1 
= ·4qI a-
n -rd 1 + w2-r2 
I 0 = drain current, 
a= statistical factor, 
1 = time constant of g-r process= 1/2wfc, 
fc = FET noise corner frequency, 
1a = carrier drift time of channel = L2 /µVos, 
L - channel length, and 
µ=carrier mobility. 
(11) 
. 
low-noise Si JFETs this flicker noise source 1s 
usually negligible. In fact, at room temperature and under 
normal operating conditions, the thermal noise in the channel 
18 
and the ·shot noise in the gate tend to dominate all of the 
other noise sources. [9 J 
2.2.2 MOSFET Noise Sources 
A. Thermal Noise 
As is true with the JFET, drain-to-source thermal noise 
is also the dominant noise mechanism in the metal oxide 
semiconductor field-effect transistor. This noise source in 
the MOSFET is very similar to that in the JFET, and it can be 
characterized by the fallowing equation: [12 J 
d ( i DT2) 1 - X + ~x2 4KTg 3 = df 1 . 1 - -x (12) 2 
V 
where, x= D V - VP G 
For zero drain-to-source voltage, x· = o, and equation 12 
becomes the same as that given for the JFET in the previous 
section. 
Similarly, as in the case of the junction field-effect 
transistor, the thermal fluctuations in the channel that give 
rise to the drain output thermal noise source are coupled to 
the gate by the gate-to-channel capacitance. In the MOSFET, 
this produces a gate thermal noise source that is given by: [
12
J 
19 
d ( iG/) 
df 
4KTw 2 C0x
2 
= K3 (13) g 
Cox is the gate oxide capacitance, and K3 is a cdnstant that 
depends on the FET bias conditions. When the FET is biased so 
that V05 ~ 0, K3 has a value of 1./12. 
B. Shot Noise 
The thermal generation of carriers within the channel-to-
substrate depletion region of the MOSFET gives rise to a shot 
noise source similar· to that caused by carriers in the gate-
to-channel depletion region of the JFET. [loJ The parameters 
describing these nbise current ·sources will be exactly the 
same as those given in equations 9 and 10. 
C. Flicker·1 Noise 
So far, we have seen that JFETs AND MOSFETs are very 
similar . in terms of their 
. 
noise characteristics, but 
. in 
examining their flicker noise sources, we will see that 
MOSFETs and JFETs .begin to exhibit important differences 
. in 
their noise behavior. In JFETs, the 1/f no,ise source 
. is 
practically negligible, while the MOSFET exhibits a 1/f noise 
spectrum that dominates ~t very low frequencies~ The origin 
of this noise source has been attributed to fluctuations in 
the number of carriers 
. in the MOSFET channel . This noise 
spectrum is given by: [9 J·, [ 13 1, [ 14 1 
20 
(14) 
where, (XH=2X10-3 ( µi )2 µ i + µ 1 
The terms µ 1 and· µ 1 represent the mobilities associated with 
impurity and lattice scattering, respectively. 
2.2.3 GaAs MESFET Noise Sources 
The noise sources of the GaAs Schottkey Barrier Gate 
field-effect transistor (MESFET) are essentially the sa~e as 
those for the junction FET with a slight modification in the 
thermal noise terms to account for the hot electron effect 
associated with the use of GaAs. In equations 7 and 8, K1 and 
K2 will now be replaced by the terms (P1 + P2 ) and (R1 + R2
) ,· 
respectively, where P1 , P2 , R1 , and R2 are al 1 complex 
functions of the FET bias voltages. (1
5 J' ri 6 J When the FET is 
biased in the linear region, the equations for P1 and P2 can 
be simplified to give P1 ~ 1 and P2 -~ o, where 0 
. 
1s an 
empir_ical constant that gives the dependence of the noise term 
on the hot electron effect ( for GaAs devices o = 6[
16 J). If 
this mechanism is ignored, we see that the equation for 
thermal noise in the MESFET is the same as van der Ziel's 
result for that in the JFET as presented in equation 7. 
Similar results are achieved by simplifying the equations for 
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2.3 Receiver Bandwidth 
In order to amplify the input photocurrent signal without 
distortion, the optical receiver preamplifier must have 
adequate bandwidth to pass the signal. Figure 7 depicts a 
simple trartsimpedance amplifier (without the shunt FET) with 
parasitic capacitances, CT and cf as indicated. 
- - - - - - - - - - - - - - - - - - -1 
I C I 
: , .1 : 
I 11 I 
1 __ - - - - - - - - - - - - - - - - ...._ 
~ 
vbias" : 
.,_ ____ tj'f V 
R 
... t 
------, 
I 
I photo : ICr: 
I - I 
• I I _____ _ 
Figure 7 - Receiver amplifier with parasitic capacitances 
CT represents the sum of the detector and amplifier 
capacitances, Cr is the parasitic capacitance of the feedback 
resistance, and A is the amplifier voltage gain. Analysis of 
this circuit shows that it has a transfer function of the form 
H·( s) = v 0 (s) 
· i ph ( s) = 
ARf (.15) 
Solving this equation for the amplifier's poles and zeroes 
gives a pole in the amplifier frequency response at: 
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(16) 
For frequencies above fp, the amplifier will integrate the 
photocurrent signal, and the bandwidth will begin to decrease. 
To properly reconstruct the signal, the output must be 
differentiated by .an equalizer whose frequency response has a 
zero that is equivalent to the pole of the amplifier frequency 
response. Figure 8 $hows the effects that this circuitry 
would have on the receiver output. 
-fp 
IH(s)I 
Freq. 
a) Amplifier frequency response 
-fp _/ 
I IH(s)I 
Freq. 
b) Equalizer frequency response 
IH(s)I 
Freq. 
c) Equalizer output 
-fp 
Figure 8 - Receiver output waveforms 
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As shown in figure Ba, the amplifier's frequency response is 
virtually constant up to frequency fp, after which it begins 
to f~ll off at a rate of. - 20 dB/decade. Using an equalizer 
at the amplifier output corrects for this roll-off by using 
pole-zero cancellation to keep the frequency response flat out 
to the desired frequency. The equalizer frequency response is 
given in figure 8b. At the output of the equalizer, the 
frequency re~ponse will be as sho~n in figure 8c, and is now 
limited only by the poles of the· equalizer transfer function. 
2.4 Effects of Shunt FET on Receiver Frequency Response 
As previously indicated, the addition of the shunt FET to 
the optical receiver input alters not only the 
. 
receiver 
sensitivity but also its bandwidth. When the shunt FET is 
added, the previously chosen equalization circuitry, as 
described in section 2.3, is no longer adequate for restoring 
the signal bandwidth. The variable impedance of the FET 
alters the amplifier frequency response so that its pole and 
the zero of the equalizer transfer function are no longer 
matched. Depending on the value of the drain-to-source 
resistance, the FET will then introduce boost or roll-off in 
the amplifier frequency response as gain control is appli~d to 
the receiver.. Modifying Figure 7 to inc1ude the shunt FET and 
denoting its· resistance as RFH (Figure 9) 
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Figure 9 - Receiver amplifier with parasitics and shunt FET 
gives a transfer function for the amplifier of the form: 
H(s) = = 
This new transfer function has its pole at: 
(18) 
above which the photocurrent signal is integrated. 
For low optical power levels, the FET is turned off, and 
RF~>> Rf. Hence-, there will be essentially no effect on the 
receiver bandwidth at high or low frequencies due to the FET's 
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resistance. If, however, the FET's capacitance is very large, 
equation 18 indicates that the increase in CT could still lead 
to a reduction in receiver bandwidth. As the resistance of 
the FET . lS decreased to its minimum value, analysis of 
equation 18 shows that ·the receiver bandwidth will begin to 
increase to the value of fp corresponding to the minimum value 
of RFET. As a result, the high frequency response of the 
signal is extended until it becomes dominated only by the 
internal poles of the amplifier itself. The same is not true 
of the low frequency portion of the signal. The low frequency 
response will be altered by the FET's biasing and control 
circuitry and will degrade the receiver bandwidth. To restore 
the amplifier output signal, some type of adaptive 
equalization circuitry that alters the equalizer frequency 
response as gain control is applied may be necessaryI 17 J. 
3. EXPERIMENTAL ANALYSIS 
3.1 Description of Experiment, Procedure 
To evaluate the merits of using shunt FET gain control to 
extend optical receiver dynamic range, this technique was 
implemented in an APO receiver with a Si bipolar front end 
amplifier operating at 622 MHz. A block diagram of the test 
set-up is given in figure 10. From the pattern generator of 
the bit error rate test set, the optical transmitter receives 
a pseudorandom bit stream of electrical pulses at a rate of 
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622.08 Mbits/sec. The transmi tte.r converts the electrical 
signal to an optical one and outputs this modulated optical 
signal to an attenuator that. is placed before the receiver 
under test to control the magnitude of the signal at the 
photodetector input. The receiver converts this attenuated 
optical signal back to an electrical format and amplifies the 
signal for further processing by the regenerator. As part of 
the regenerative process, the receiver output signal 
. 
is 
ftlrther amplified, filtered, and then sampl~d by a decision 
circuit that compares the received signal to a set threshold 
level to determine whether a received bit is actually a 
logical 11 1 11 or 11 0 11 • To determine the bit error rate, th~ 
regeneratO'r output is sent to the error detector portion of 
the bit error rate test set, which gives a .measure of the 
number of bits in error with the original data stream. With 
this set-up, we can determine the minimum optical power level 
needed for an error rate 6f 1 x 10-9 , which is the receiver 
sensitivity, and the maximum power allowable at the input for 
a BER of 1 x 10-9 , or the dynamic range. T.o determine the 
receiver bandwidth, a scalar network analyzer, which m·easures 
the frequency response of the 
. 
receiver to 
. 
a given input 
signal, is also connected at the receiver output. 
To provide the automatic gain. control function, there is 
a control circuit at the receiver output that provides the 
bias for the shunt FET. A detailed schematic of this 
circuitry is shown in figure 11. 
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Figure 10 - Block diagram of measurement set-up 
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Figure 11 - Control circuit for FET bias 
At the . receiver output, a peak~to-peak detector is use
d to 
determihe the output signal level. If this devi
ce is placed 
immediately after the receiver, reflections from
 the circuit 
will introduce a noise penalty at the receive
r front end 
input. To eliminate this problem, a low noise a~
plifier with 
good insertion loss characteristics and an attenua
tor are used 
befors the peak detector to prevent reflections b
ack into the 
receiver. The outputs of the peak detector circ
uit are then 
fed thrbugh buffer circuitry and into a differenc
e amplifier 
that produces a de signal proportional to the pe
ak detector 
output. This signal is, in turn, input to an inte
grator which 
compares the difference signal to a fixed refere
nce voltage 
and uses its output to drive the gate of the FE
T. When the 
receiver output produces a difference signal that 
is less than 
the refer~nce voltage, the output of the in
tegrator .
 
1S 
negative (within 1.5 V of the amplifier supply voltage). Th
e 
transistors used are depletion mode devices, and
 applying a 
negative gate-to-source voltage means that the t
r~nsistor is 
cut off, or non-conducting. This is exactly 
the condition 
that is needed at low optical power when 
all of the 
photocurrent should be going into the amplifier in
put. As·the 
receiver output level increases and the va
lue of the 
difference signal approaches that of the reference
 signal, the 
integrator output becomes more positive and turns
 on the FET 
as needed to keep the receiver output level con
stant. The 
source terminal of the FET is biased at a cons
tant voltage 
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that is approximately equal to the voltage at the drain 
terminal. Using the FET in this mode, as a voltage controlled 
variable resistor, should allow for extension of the dynamic 
range with minimal impact on receiver sensitivity. 
In this experiment, four different field-effect 
transistors are used as test devices to determine which 
perf arms. best in this type of application. These devices 
included an NE72084 GaAs MESFET, an MMBF5457 Si JFET, an 
MMBF4391 Si JFET, and an ·MPF4150 Si MOSFET. In selecting 
these devices, the most important goals were to choose devices 
with low capacitance, low leakage currents, low "on" 
resistance, and high channel resistance at cutoff. Having the 
combination of low leakage current, low capacitance, and high 
channel resistance at cutoff should provide the least 
additional noise to the circuit and, therefore, result in a 
minimal impact on receiver sensitivity. The ability to 
achieve a wide range of resistance values between the "cutoff" 
and "on" states should maximize the dynamic range because of 
the added current that can be forced through the shunt as its 
resistance is decreased. Thus, it . lS expected that the 
transistor that best combines all of these features will give 
the superior performance. The material presented in the next 
sections provides a comparison of the measured and predicted 
results for sensi ti vi ty, dynamic range, and bandwidth when 
each type of FET is used to extend the receiver's dynamic 
range. 
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3.2 Discussion - Comparison of measured and predicted results 
This section provides a comparison of measured and 
expected results of . using input shunt FET automatic gain 
control to extend receiver dynamic range. An attempt is made 
to correlate the measured data with the results predicted by 
the theory given in section 2 to determine whether or not this 
t¢chnique produces any meaningful results and how accurately 
'\ 
th~se results can be predicted. We begin by looking at the 
sensitivity of· the receiver without the shunt FET. 
3.2.1 Sensitivity 
Using equation 1, the receiver sensitivity for an error 
rate of 1 x 10-9 can be computed by first using equation 3 t9 
determine the total circuit noise present at the input for 
this bipolar front end amplifier. The necessary parameters 
for computing these terms are given in Table I below: E5 l, E18 J, E19 J 
Table I - Constants / Transistor Parameters 
Parameter Value Units 
h 6.626 X 10-34 J-sec 
C 3 X 10 8 m/sec 
1 1.3 X 10-6 m 
Q 6 -------
q 1.602 X 10-19 coul 
M 12 -------
F(M) 5 -------
B 622.08 MHz 
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I1 0.548 -------
K 1.38 X 10-23 J/K 
T 298 K 
I2 0.562 -------
Rf 7000 n 
Ictu 20 nA 
Ictm 20 nA 
Ib 1.8 µA 
IC 0.511 mA 
gm 18.1 mmhos 
eds 0.745 pf 
cf 0.004 pf 
c,r 0.571 pf 
cµ 0.00804 pf 
cdsf 0.749 pf 
C· T 1.32804 pf 
I) 0.0868 --------
r bb' 49.84 n 
With this information, and 
. 
using equation 3 ' the 
. 
noise 
contributions of the APO and 
. . 
receiver front end can be 
computed as given in Table II. 
Table II - Calculation of Receiver Noise 
I Noise Source I Value (A2) I 
feedback resistor 8.22 X 10-16 
unmultiplied dark current 2.24 X 10-18 
multiplied dark current 1.94 X 10-15 
base current 2.02 X 10-16 
collector current 7.27 X 10-16 
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base spreading resistance 3.79 X 10-16 
total 4.07 X 10-15 
Now, using equation 1, we obtain an expected sensitivity of 
nP - -43.8 dBm when shunt FET gain control is not employed. 
In performing this experim~nt, however, the measured 
sensitivity under these conditions was found to be only -42.7 
dBm. This indicates that there is additional noise present ~t 
the receiver input that is not taken into account by the given 
equations. This could be due to· an equalizer noise penalty, 
additional noise from the APO power stipply, or·, perhaps, some 
other noise mechanism stemming from the support circuitry 
following the front end amplifier. In any case, to accurately 
predict the degradation in sensitivity due only to the shunt 
FET and compare these predictions with experimental results, 
all computations will be performed using the measured value of 
the sensitivity as a reference. With this assumption, then, 
the total circuit noise present at the input is actually .equal 
to 8.62 x 10-15 A2 when no shunt FET is present. Let's now 
look at the impact on the sensitivity when the field-effect 
transistor is added to the circuit. 
When the FET is ~ttached to the receiver input, one of 
the first considerations th~t must be taken into account is 
the degradation in sensitivity that results from the extra 
capacitance of the wire ~sed to connect the FET to the 
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receiver front end. In this experiment, malleable . micro-
coaxial cable, 0.72 11 . in length, was used to make this 
connection. With a nominal dielectric diameter, .o; of o. 024. 11 
and center conductor diameter, d, of 0.008", equation 19[ 20 J 
below is used to determine the capacitance of the wire as~ 
1.88 pf. 
C . = ·7 . 3 ~ ( 2 . 0 3) pf 
wire D ft 
log-
d 
(19) 
This additional c~pacitance will change CT and. Cdst as given in 
Table I so that CT is now equal to J.212 pf and cdsf equals 
2.633 pf. This change in capacitance will alter only two of 
the noise t~rms in equation 3 ~ that due to the collector bias 
current and that caused by the base spreading resistance. The 
noise contributions of these two elements are now equal to 
4. 253 X 10-15 A2 and 4. 689 X respectively. This 
-produces a change in the total circuit noise from 8.62 x 10-15 
A2 to l_.65 x 10-14 A2 • Using equation 1, it can be shown that 
the sensitivity has now changed to -41.5 dBm, resulting in a 
degradation of 1.2 dB. The measured results gave a 
sensitivity of -41.3 dBm, or a degradation of 1.4 dB less than 
the results without this connection. Considering the 
tolerances on the wire diameters, the fact that the nominal 
value of its ca!?acitance is being used,. and possible rounding 
errors, the Eeasured and predicted results are actually very 
close, with a difference of only 0.2 dB. Having establ·ished 
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some confidence in the techniques being used here, the effects 
of the FET noise sources can now b·e assessed. 
Table III below gives a listing of either actual or 
-~presentative values of parameters needed to compute the FET 
noise terms for each device used. [5 1, [ 21 1-( 26 1 
I Table III - FET parameters I 
Parameter Device Units 
NE72084 MMBF5457 MMBF4391 MPF4150 
g 2 8.5 500 37 µmhos 
cgs .55 1.7 4 110 pf 
ctotal .595 3.2 7 125 pf 
Io 40000 2 - 100 5 - 100 106 pA 
IG 106 2 - 100 5 - 100 1000 pA 
a, Q'.H < .002 < .002 < .002 < .002 ----
fc 20 - 50 negl. negl. 5 - 10 MHz 
Vos 15 30 30 30 mV 
µ 0.45 ~ 10-2 ~ 10-2 0.07 m2 /V-s 
Y21 35500 10 - 50 ? ? µmhos . . 
Y22/Y21 .1139 1 1 1 ----
L 1 ~ 1 ~ 1 1 µm 
Using the equations given in section 2 and the parameters 
given above, the noise contributions of each device can be 
computed. This results of these calculations are presented in 
Table IV. 
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Table IV - FET Noise Analysis 
Noise Noise Contribution (A2) 
source 
NE72084 MMBF5457 MMBF4391 MPF4150 
drain 6.9 X 10-17 4.9 X 10-17 2.9 X 2.1 X 
thermal 10-15 10-16 
drain 4.5 X 10-18 < 10-20 < 10-20 < 10-16 
shot 
drain 1/f < 10-18 < 2 X 10-16 < 2 X < 10-21 10-16 
shunt 1.5 X 10-18 < 10-20 < 10-20 < 10-1
9 
. 3 10-18 10-16 ? ? series X 4.352 X . . 
to 
1.086 X 10-14 
CT 1.3 X 10-14 3.996 X 10-14 1.058 X 1.779 X 10-13 10-11 
total 1.31 X 10-14 4.055 X 10-14 > 1.09 X > 1.779 
to 10-13 X 10-11 
5.099 X 10-14 
Looking at the results (or the NE72084 and MMBF5457, it is 
apparent that the greatest contributor to the total circuit 
noise is the additional FET capaditance. The noise terms that 
ate independent of this parameter are at least two orders of 
magnitude less than the noise due to CT and, for practical 
purposes, can be neglected in computing the sensitivity. 
Using equation 1, the expected s~nsitivity of the receiver is 
determined to be -41.1 dBm with the Ng72084 and in the range 
of -39.4 dBm to -39.0 dBm when the MMBF5457 is used. For the 
MMBF4391 and MPF4150, exact expected values of additional 
circuit noise could not be determined because of a lack of 
information about the admittance parameters of the devices. 
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Nevertheless, there is enough knowledge of the other noise 
terms to establish that both the MMBF4391 and the MPF4150 will 
produce a greater sensitivity penalty than the other devices, 
with the MOSFET producing the worst results of all. The 
information presented . in Table IV . gives an expected 
sensitivity degradation due solely to the shunt FET of 0.4 dB 
for the NE72084 and 2.1 - 2.5 dB for the MMBF5457. Similarly, 
when the MMBF4·391 and MPF4150 are used, it is expected that 
the sensitivity penalties will be at least 3.9 dB and 14.6 dB, 
respectively. These results are very similar to the behavior 
observed experimentally. For the NE72084, MMBF5457, and 
MMBF4391, the measured sensitivity penalties due to the FET 
alone were 0.5 dB, 2.1 dB, and 13.1 dB, respedtively. When 
the MPF4150 was attached to the front end, no sensitivity 
reading could be obtained at any power level, and a 
synchronization loss error appeared on the BER test. set. 
Examination of the receiver output signal under these 
conditions revealed it to be severely distorted and completely 
. 
noisy. Figure 12 [ 27] depicts a typical . receiver output 
waveform, called an eye diagram, under ideal conditions. 
Figure 12 - Receiver eye diagram[ 27 J 
38 
To obtain the best error rate, the eye should be free of 
distortion ahd open as widely as possible. When the MPF4150 
is used, the eye is completely closed. This appearance would 
explain the presence of the synch~onization loss error on the 
BER test set. The distortion itself is probably due to excess 
noise from the FET 's high capacitance and/or a lack of 
receiver bandwidth that could also be caused by the increased 
capacitance at the front end when using this device. If the 
latter . ·is true, this should become apparent 
. in the 
measurements of receiver bandwidth in the following sections. 
At any rate, even though an exact correlation between the 
measured and predicted results for the MMBF4391 and MPF4150 
cannot be estab~ished, it is obvious that both sets of results 
do follow the same pattern. In addition, there is excellent 
agreement between the measured and predicted results for the 
NE72084 and MMBF5457. Based on these results, it is clear 
that the GaAs MESFET, which adds the least additional 
capacitance, gives the least sensi ti v~ ty degradation, as would 
be expected. The next section examines the impact of th
is 
technique on receiver dynamic range. 
3.2.2 Dynamic Range 
Without the shunt FET, the maximum power at the receiver 
input was measured to be - -17. 7 dBm. This resulted in a 
dynamic range of 25 dB, with a maximum current at the receiver 
input of - 125 µA. When the shunt device is added, additional 
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current can be forced through the FET to increase the maximum 
allowable optical power so that it is now limited only by the 
F~T's ability to achieve a very low value of resistance. This 
lowest possible resistance is~ function of the gate-to-source 
cutoff voltage and the saturation drain current; it can ba 
approximated by the fallowing equation: [2 sJ 
r = 
ds(min) 
-v GS<ottl 
2Idss 
(20) 
Using this equation, along with the necessary information from 
the device data sheets[ 21 J-[ 241 , the transistors used should be 
able to achieve minimum resistance values as given below: 
Device Expected Minimum Resistance (n) 
NE72084 13 - 16 
MMBF5457 250 - 600 
MMBF4391 33 - 40 
MPF4150 7.5 - 10 
The predicted and measured results of the dynamic range can 
be compared by determining if the minimum resistance achieved 
by the FET through the meastirements at maximum optical power 
actually corresponds to the minimum resistance that we would 
expect based. on the information given above. 
the measured results. 
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Table V shows 
Table V - Dynamic Range Using Input Shunt FET AGC 
(Measured Results) 
Device Max. Power (dBm) dynamic range rds ( n) (dB) 
NE72084 -6.9 * 33.9 
,.., 23 
MMBF5457 -14.9 24.3 
,.., 347 
MMBF4391 -7.7 20.5 
,.., 35 
MPF4150 ---- ---- ----
* indicates transmitter 
. delivering . is maximum power 
Comparing these results to the expected values of. 
. . 
minimum 
channel resistance, it is apparent that the measured values of 
dynamic range agree .quite well with what would be expected 
based on the transistor's capabilities. In the case of the 
NE72U84 GaAs MESFET, the maximum power level achieved is 
actually the highest value reached by the transmitter; it is 
not yet limited by the transistor's minimum resistance as is 
indicated. by the value of rds given in Table V. This would 
indicate that the transistor could probably be used to further 
increase the receiver dynamic range if a higher powered 
transmitter were available. For the MMBF5457 and MMBF4391 Si 
JFETs, maximum power levels of -14. 9 dBm and -7. 7 dBm, 
respectively, wer~ ·obtained. Each maximum occurs at a
 FET 
resist.ance value that is within the range of the minimum 
resistance predicted by equatjon 20; this indicates that the 
FET . is, in fact, being used to its fullest capacity .
 
As is the case with the receiver sensitivity, the best 
performance in terms of increasing the high power limit is 
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demonstrated by the GaAs MESFET. This is due to the very 
low 
value of drain-to-source resistance that this device achie
ves 
when turned on. Not surprisingly, then, the MMBF4391, wit
h a 
minimum channel resistance that is almost as low, allows
 for 
a. maximum power level that is almost as high. Likewise,
 the 
MMBF5457, with a minimum channel resistance that is - 10 tim
es 
as high as that of the other devices, provides the le
ast 
improvement in terms of increased maximum power level. Y
et, 
because this device produces~ much smaller degradation
 in 
sensitivity than the MMBF4391, it could be preferred over 
the. 
MMBF4391 in this application because it performs better
 in 
terms of the combination of both sensi ti vi ty and dyna
mic 
range. It offers a smaller sensitivity penalty and a w
ider 
range of input power levels even though the MMBF4391 allo
ws 
for achieving a higher absolute maximum power level. ~t
ill, 
however, neither of the JFETs nor the MOSFET perform as w
ell 
as the MESFET. This is due to the fact that the MESFET off
ers 
both low total capacitance and low minimum channel resistan
ce, 
while the JFETs and the MOSFET each sacrifice one of th
ese 
parameters to minimize the other. These characteris
tics 
should yield similar results in looking at the effects of t
his 
technique on the receiver bandwidth. 
3.2.3 Bandwidth 
Analysis of equations 18 and 16, which define the 
position of the receiver output pole with and without in
put 
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shunt FET AGC, will show that an increase in the total 
capacitance will reduce the value of fP. Thus, the receiver 
frequency response should begin to roll-off earlier, causing 
a reduction in bandwidth as the input capacitance 
. 
lS 
increased. ~ith this line of reasonirig, in employing shunt 
FET gain control, the bandwidth should first be slightly 
reduced due to the extra capacitance of the wire- connecting 
the FET and the receiver front end. After attaching the shunt 
FE-T,. it is r~asonable to expect that the NE72084, having the 
least capacitance of the FETs used, will have the smallest 
impact on the receiver bandwidth. The MMBF5457 and MMBF4391 
Si JFETs should follow, in that order, with a slightly higher 
bandwidth penalty. Lastly, the MPF4150, with its extremely 
high capacitance should provide a significantly higher 
degradation than that any of the other devices. Figures 13 
through 18 show the measured bandwidth results. 
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Examination of these plots reveals that the measured behavior 
of the receiver is as expected. Each device produces some 
degradation in the bandwidth, with the .penalty increasing with 
increased device capacitance. None of the FETs used, however, 
has an .effect on the bandwidth that is quite as dramatic as 
that of the MOSFET. In fact, in thi~ case, the lack of really 
any bandwidth at all probably accounts for the inability to 
obtain a sensitivity reading and would explain why the output 
of the receiver looks totally noisy wh~n this device is used. 
The bandwidth of the receiver with this device connected to 
its input is simply too small to pass the signal. 
In applying the gain control function, there was an 
additi6nal concern about receiver bandwidth regarding how it 
would change as the FET resistance was decreased. Figures 19 
through 21 show th~ measured results using the NE72084 as a 
representative example. Examination of these plots again 
shows agreement with the behavior predicted in sectior:i 2. 
Figure 19 gives the receiver frequency respcinse at low power 
and maximum channel resistance, when the FET is turned off .. 
Figure 20 is the response at a much lower resistance value, 
just as the FET begins to conduct. Already, the bandwidth has 
increased by - 27 MHz, and by the time the FET is completely 
turned on (Figure 21), the high frequency response is flat 
while the low frequency _portion of the signal develops a much 
steeper roll-off than it had previously. These changes in 
bandwidth, ~long with the additional noise from the reduced 
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FET resi$tance, will eventually serve to decrease the bit 
error rate at high ~ower because the output eye diagram will 
become distorted. To reduce this effect, the capacitor in 
the output equaii2er is increased so that the bits in the eye 
diagram remain dis~inguishable at high optical power. This 
change did not eliminate distortion in the output waveform, 
but it did provide some improvement. In extending the dynamic 
range, it is desirable to have both a low error rate and a 
clean output signal. Further adjustment of the output 
equalizer could probably help to achieve this goal. 
3.3 Conclusion 
Based on the theoretical and measured results achieved in 
this experiment, it is reasonable to conclude that input shunt 
FET AGC can be used to extend optical receiver dynamic range 
with little degradation to overall receiver performance. The 
yariety in the types of devices examined and in the behavior· 
of similar devices would also indicate, however, that th_e 
technique can be successfully implemented orily if the proper 
device is used as the shunt. In this analysis, it was fo~nd 
that the FET capacitance and minimum channel resistance, not 
the FET noise sources, were the most critical parameters in 
achieving higher dynamic r·ang.e without significantly degrading 
the sensitivity or the bandwidth. For the transistors used 
here, this requirement meant that the NE72084 GaAs MESFET 
would produc·e the best results and that the other devices 
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would degrade the performance as they increased in capacitance 
and minimum ras• Obviously, the results of this study are 
limited by the particular devices ~elected for testing, but 
sine~ GaAs MESFETs tend to have lower capacitance than either 
Si JFETs or MOSFETs, it is expected that, in general, a GaAs 
MESFET would be the preferred device to use in employing this 
technique. 
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